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Background: High-altitude inhabitants have cardiovascular and respiratory adaptations that are advantageous for
high-altitude living, but they may have impaired cognitive function. This study evaluated the influence of altitude of
residence on cognitive and psychomotor function upon acute exposure to very high altitude.
Findings: Ecuadorians (31 residing at 0–1,500 m [LOW], 78 from 1,501–3,000 m [MOD], and 23 living >3,000 m
[HIGH]) were tested upon their arrival to a hut at 4,860 m on Mount Chimborazo. Cognitive/psychomotor
measurements included a go-no-go test (responding to a non-visual stimulus), a verbal fluency test (verbalizing a
series of words specific to a particular category), and a hand movement test (rapidly repeating a series of hand
positions). Mean differences between the three altitude groups on these cognitive/psychomotor tests were evaluated
with one-way ANOVA. There were no significant differences (p = 0.168) between LOW, MOD, and HIGH for the verbal
fluency test. However, the go-no-go test was significantly lower (p < 0.001) in the HIGH group (8.8 ± 1.40 correct
responses) than the LOW (9.8 ± 0.61) or MOD (9.8 ± 0.55) groups, and both MOD (97.9 ± 31.2) and HIGH (83.5 ± 26.7)
groups completed fewer correct hand movements than the LOW (136.6 ± 37.9) subjects (p < 0.001).
Conclusions: Based on this field study, high-altitude residents appear to have some impaired cognitive function
suggesting the possibility of maladaptation to long-term exposure to hypobaric hypoxia.
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Acute decrements in cognitive and psychomotor per-
formance at high altitude are common, but not as well
understood as the physiological adaptations. In a review,
Petrassi et al. [1] noted that there is considerable indi-
vidual variability in the extent of cognitive impairment
at altitude, but there is strong evidence for some learn-
ing impairment at altitudes as low as 8,000 ft (2,438 m).
A variety of different types of cognitive assessments have
been used at altitude, including number- and letter-
sequence recognition, word association/generation tasks,
and short- and long-term memory [2,3]. Most of these
studies indicate that the cognitive impairments are dir-
ectly related to the magnitude of hypoxia.* Correspondence: davisj@alma.edu
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unless otherwise stated.Several studies have also reported alterations in psy-
chomotor function with altitude. Berry et al. [4] and
Townes et al. [5] found finger-tapping tasks were signifi-
cantly impaired after exposure to high altitude. Audition
and early visual processing are also affected by hypoxia
especially where speed of processing is important [6,7].
While a number of studies have looked at the acute re-
sponses to high altitude, very few studies have consid-
ered how cognitive function is affected by long-term
exposure and adaptation. In a study comparing low- and
high-altitude residents, high-altitude residents had lower
accuracy in a verbal-working memory task, longer reac-
tion times in spatial- and verbal-working memory tasks,
and lower activation in the frontal and occipital cortices
[8]. Niermeyer et al. [9] found cognitive impairments in
high-altitude natives.
There is some speculation that these deficits could be
due to early hypoxia-ischemia, nutritional deficits, and/
or socioeconomic considerations. Several studies havehis is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
iginal work is properly credited. The Creative Commons Public Domain
g/publicdomain/zero/1.0/) applies to the data made available in this article,
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above 3,000 m [10,11]. This early exposure to hypoxia
might impair cognitive development. There has also
been speculation that baby-rearing cultural practices
[12] and nutritional deficiencies such as iron-deficiency
anemia [13] might contribute to cognitive deficits in
children living at high altitude [13]. However, confound-
ing effects like genetic differences have made interpret-
ation of the data difficult.
Therefore, the purpose of this study was to evaluate
the influence of altitude of residence on cognitive func-
tion and psychomotor responses upon acute exposure to
very high altitude. To our knowledge, this is the first
study to compare altitude of residence and eliminate the
influence of using different ethnic populations.
Methods
Study design
This was a comparative study using a convenience
sample.
Setting and participants
Data collection occurred inside a hut at 4,860 m that
can be reached by vehicle in a popular national land-
mark area of Ecuador. Ecuadorians who arrived at the
hut during the data collection period were informed of
the study and invited to participate. Following institu-
tional ethical board approval at Alma College, volunteers
gave their written consent to participate in the study in
accordance with the Declaration of Helsinki. Volunteers
read and signed a written informed consent that was
available in Spanish. Special care was taken to ensure
they understood all of the procedures. All participants
were given a medical/health history and excluded if they
had any disease that would significantly impact the test-
ing procedure.
Procedures
Data collection occurred over a period of 2 weeks during
the month of June in 2009, 2010, and 2011. Participants
drove to the hut from their altitude of residence within
24–48 h. No subjects were using supplemental oxygen
or Diamox for acute mountain sickness. Upon comple-
tion of the informed consent, three cognitive tests were
administered to each subject. The tests comprise the
Frontal/Subcortical Assessment Battery [14]. This briefTable 1 Descriptive data of the sample (mean ± SD)
Altitude (m) Age (year) Body mass (kg) H
Low (0–1,500) 40.3 ± 14.2 68.5 ± 10.5 1
Mod (1,501–3,000) 37.0 ± 12.8 72.4 ± 15.5 1
High (>3,000) 37.5 ± 17.7 71.2 ± 12.3 1
SaO2 arterial oxygen saturation, LLSS Lake Louise Self-Score for acute mountain sicktest battery of cognitive and motor functions provides a
valid assessment of mild subcortical dementia [14] and
has been used previously at high altitude (Marco-Duenas,
unpublished). All tests were given within an hour after the
subjects reached the hut, thereby emphasizing the acute
response to high altitude by minimizing adaptation effects.
Two trained investigators administered all of the tests.
Each participant demonstrated that they understood the
task by performing an example; however, there was no full
practice period to minimize the learning effect.
The three-item test battery included a test of verbal
fluency during which subjects were asked to name three
animals, then three vegetables, then three different ani-
mals, and so on for 60 s. The second test was a hand
movement test during which subjects produced sequen-
tial hand gestures (fist, palm up, palm to the side) as
quickly as possible for 60 s. The final test was the go-
no-go test. For this test, the subject tapped the table
twice in response to a single tap by the examiner, who
was out of the subject’s view, and did not tap the table at
all in response to two taps by the examiner. The number
of correct responses was recorded for each item in the
test battery.
Statistical analyses
Data were separated into three groups based on the alti-
tude of residence of the participants: LOW (0–1,500 m),
MOD (1,501–3,000 m), and HIGH (>3,000 m). Analysis
of variance (ANOVA) with Tukey’s Post Hoc test was
used to identify statistically significant mean differences
between groups. Statistical significance was set at p < 0.05.
All statistical tests were done with SPSS (version 22, IBM,
Armonk, NY). Means ± 1 SD are plotted in all figures.
Results and discussion
A total of 132 Ecuadorians (31 LOW, 78 MOD, 23
HIGH) completed the study. There was no significant
difference in age, body mass, height, arterial oxygen sat-
uration (SaO2), or a self-assessment of acute mountain
sickness (LLSS) between groups (Table 1). For the verbal
fluency test, HIGH produced the fewest number of
words (Figure 1); however, there were no significant
differences (F2,130 = 1.807, p = 0.168) between groups.
Virués-Ortega and colleagues [15] highlighted numer-
ous examples of impaired verbal fluency as a result of
high-altitude exposure in their review of neuropsychologicaleight (m) SaO2 (%) LLSS Gender
.68 ± 0.35 72.3 ± 11.5 1.6 ± 1.0 24 m, 7 f = 31
.67 ± 0.22 78.7 ± 8.0 1.7 ± 0.9 46 m, 32 f = 78
.70 ± 0.48 82.8 ± 9.8 1.6 ± 1.2 15 m, 8 f = 23
ness, m male, f female.
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Figure 1 Number of correct words produced in 60 s for the
LOW, MOD, and HIGH groups. There were no significant
differences between residence altitudes (p = 0.168).
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Figure 2 Number of correct repetitions in 60 s for the hand
movement test for the LOW, MOD, and HIGH groups. Both the
MOD and HIGH groups completed fewer correct hand movements
than the LOW subjects (*p < 0.001), although the difference between
MOD and HIGH was not significant (p = 0.148).
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Figure 3 Number of correct responses of 10 trials of the go-no-go
test for the LOW, MOD, and HIGH groups. The asterisk indicates a
significant difference (p < 0.001) between LOW and MOD verses
HIGH groups.
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majority of these studies involved mountaineers going to ex-
treme altitudes. Other researchers have shown that verbal
impairment due to high altitude occurs only at 6,000 m or
higher [16] and is only temporary, returning to baseline
upon return to sea level [17].
The same trend of HIGH and MOD having fewer cor-
rect responses existed for the hand movement sequence
(Figure 2). This time, the ANOVA was significant (F2,130 =
22.382, p < 0.001) with an effect size of η2 = 0.26. Both the
MOD and HIGH groups completed fewer correct hand
movements than the LOW subjects, although the dif-
ference between MOD and HIGH was not significant
(p = 0.148). Our finding of impaired motor function
supports the work of Berry et al. [4] who reported re-
duced speed and precision of finger tapping at high
altitude, and our results suggest that this impairment
is independent of ethnicity. As to whether this is a dir-
ect response of living in a hypoxic environment or
some other factor has yet to be determined. Paola et al.
[18] found that extremely high-altitude exposures may
cause subtle reductions in white and grey matter in the
brain regions involved in motor function. However,
again, these data are specific to mountaineers going to
extreme altitudes over several weeks and cannot neces-
sarily be applied to individuals residing at 3,000 m.
The correct number of responses to the go-no-go non-
visual stimulus test was significantly less in HIGH compared
to LOW or MOD (Figure 3; F2,129 = 14.282, p < 0.001) withan effect size of η2 = 0.18. This test served as a measure of a
participant’s capacity for sustained attention and response
control. The lower score for the HIGH group could be at-
tributed to the lack of the need to respond to environmental
cues, for example traffic and phones, or a direct influence of
the hypoxia.
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altitude natives, it is possible that other high-altitude na-
tives might respond differently in light of recent studies
indicating quite different evolutionary strategies to high-
altitude adaptation in Tibetans verses Andeans [19]. An-
other limitation was that a convenience sample was
tested, and there were more than twice as many MOD
participants than LOW or HIGH residents. However,
one could argue that this is simply a reflection of the
demographics of the region as many of the surrounding
cities and villages are at altitudes between 1,500 and
3,000 m. A further limitation with a convenience sample
is that no baseline measurements were made at the par-
ticipants’ residences; thus, no change scores between
4,860 m and their altitude of residence are available. It is
logical to assume that an acute hypoxic exposure would
have less of a detrimental effect on high-altitude resi-
dents who are somewhat acclimatized than on sea-level
residents; however, we cannot definitively state that the
altitude of residence was more influential than the acute
change in altitude for the differences in scores between
groups. We can only state that we observed some di-
minished cognitive and psychomotor scores for the
higher-altitude residents compared to their lower-altitude
compatriots when tested at 4,860 m, but based solely on
simple field tests without baseline data, it is not possible
to determine the etiology of these differences. More re-
search is needed to determine if these differences are due
to cognitive impairments as a result of chronic hypoxia,
cultural or sociological differences, educational status, nu-
tritional deficiencies, a combination of these, or other
factors.
Conclusions
High-altitude residents appear to have some indication
of impaired cognitive function without symptoms of
neurological disease, suggesting the possibility that long-
term exposure to hypoxia might result in a maladapta-
tion to long-term high-altitude living.
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